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The aim of this project is to prepare ruthenium(II) pyridyl-carboxylate metalloligands 
and heterometallic complexes by taking advantage of the dual functionality of 
pyridyl-carboxylate ligands. 
Chapter One gives a general introduction of pyridyl-carboxylate ligands and their 
application in constructing metalloligands, heterometallic complexes and coordination 
polymers. 
Chapter Two describes the syntheses, characterization, structures and electrochemical 
properties of ruthenium(II) pyridyl-carboxylate metalloligands. Two types of 
metalloligands with different pendants were synthesized: 
[Ru(dppm)2(η
2






with pyridine pendants & [RuCl2(dppb)(NC5H4–m-COOH)2] and 
[RuCl2(dppb)(NC5H4–C2H2–COOH)2] with carboxylic acid pendants. The former ones 
were afforded via facile substitution of both CH3CN in cis-[Ru(dppm)2(MeCN)2](OTf)2 (1) 
by RCO2
–
 ions while the latter ones were isolated by the reaction of the five-coordinated 
[RuCl2(dppb)(PPh3)] with pyridyl-carboxylic acids. Complementary hydrogen bonding 
formed between neighboring nicotinic acids in [RuCl2(dppb)(NC5H4–m-COOH)2] helps 
to link the molecules into a one-dimensional zigzag chain extended along b axis. Polar 
and apolar channels are formed by stacking the adjacent chains and they selectively wrap 
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up THF and hexane, respectively. 
The electrochemical properties of selected compounds were investigated by Cyclic 
Voltammetry. All of their cyclic voltammograms show one redox peak (E1/2 = ~1.0 V for 
[Ru(dppm)2(η
2
-O2C–R–C5H4N)](OTf) or 0.6 V for [RuCl2(dppb)(NC5H4–m-COOH)2]) 




and one small 
redox or reductive peak of Ec at lower potential derived from the reduction of the 
electrochemically active Ru(III) complex which is chemically converted from Ru(III) 
complex formed during the oxidation process. The redox process of 
[Ru(dppm)2(η
2
-O2C–R–C5H4N)](OTf) is electrochemically quasi-reversible or 
irreversible and chemically irreversible, while the process of 
[RuCl2(dppb)(NC5H4–m-COOH)2] is electrochemically quasi-reversible but chemically 
more reversible. 






reacting them with Lewis acidic MCl2(CH3CN)2 (M = Pd, Pt) or AgOTf to afford a series 
of heterotrimetallic complexes {[Ru(dppm)2(η
2
-O2C–R–C5H4N)]2[MCl2]}(OTf)2 (M = Pd, 






The electrochemical properties of Ru–Pd–Ru heterometallic complexes were also 
examined by Cyclic Voltammetry. Compared to those in their corresponding Ru 
mononuclear precursors, the oxidation potentials of Ru
II/III
 undergo an anodic shift by 
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27–56 mV. In addition, coordination of the metalloligands has also greatly improved the 
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Chapter 1. Introduction 
 
1.1 Coordination behaviors of pyridyl-carboxylate ligands 
Both pyridyl
1-7
 and carboxylate groups
8-11
 are among the most ubiquitous functional 
groups used in coordination chemistry. Carboxylate is known for its versatile 
coordination modes varing from monodentate (Fig. 1.1b) to symmetric (Fig. 1.1e) and 
asymmetric chelating (Fig. 1.1h) and bidentate (Fig. 1.1g) and monodentate bridging (Fig. 
1.1j).
12-17
 This versatility is further enriched by its prowess in H-bonding
18-20
 (Fig. 1.1i), 
which is important in supramolecular assemblies. Compared to the versatility of 
carboxylate group, pyridine is strictly monodentate. The pyridyl-carboxylate ligand which 
combines both pyridine and carboxylate functionalities (dual functionality) therefore has 

















































a) N-coordinated only (-N) b) O-coordinated only (-O) c) N, O-coordinated d) chelating
g) N, O-coordinated, -CO2
-
i) N, N-coordinated acid-dimer
f) N, O-coordinated, chelating carboxylate







j) N, O-coordinated, -O  





1.2 Pyridyl-carboxylates for metalloligand construction 
Hybrid ligands with different donor sites are prospective in synthesizing 
“metalloligand”, which contains a pendant donor site to lure a second Lewis acidic metal 
center.
26-29
 For example, our group has successfully utilized the hybrid 4-ethynylpyridine 
ligand to yield a series of Ru(II)-acetylide metalloligands with pendant pyridyl moieties. 






















The dual functionality of the pyridyl-carboxylate ligand has also enabled it to be used 
for constructing stable metal-containing building blocks (MCBB)s or 
metalloligands.
21,33-35
 Although pyridine may be a stronger ligand in terms of higher σ 
donicity and π accepting ability, carboxylate is superior in its chelating abilities. The 
selective coordination of pyridine or carboxylate donor is controlled by many factors, 
such as hardness of metal center, acidicity of the reaction condition, auxiliary ligands, etc. 
 
1.2.1 Pyridine donating metalloligands with free carboxylic acid as pendant 
Pyridine-donating metal complexes with free carboxylic acid ends are potential 
metalloligands upon deprotonation, which have been successfully used to construct 
various heterometallic complexes and metal organic frameworks.
19,21,33
 As shown in 
Scheme 1.1a, the pyridine-bound Ru(II) porphyrin with the “pendant” carboxylic acid 
functionality has been successfully utilized to construct an axial-bonding type hybrid 
porphyrin trimer.
19
 The mononuclear Ru(II) precursor itself crystallizes as a dimer 
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connected through complementary hydrogen-bonds of the two protonated carboxylic acid 
ends (Scheme 1.2b). Mononuclear complexes, e.g. [Pt(dppf)(IsonicH)2]
2+
, containing two 
pyridine donated ligands with free carboxylic acids angled at ~90˚ are good candidates for 
homo- and heterometallic molecular square assemblies (Scheme 1.2).
33
 The auxiliary 
ligand „dppf‟ is important in anchoring two IsonicH ligands at cis-position. A short 
bridgehead, like dppm (bis(diphenylphosphino)methane) in a A-frame type dinuclear 
[Au2(dppm)(IsonicH)2]
2+
, can help to bring the two metals and the associated donor 
pendants to neighborhood (Fig. 1.2)
35
. Activation and coordination of the distal 
carboxylate could then lead to heterometallocyclic ring formation. Another good example 
is found in the formation of the Zn(II)–Ru(II) mixed-metal MOF (metal organic 
framework) through reaction of {Ru[4,4′-(HOOC)2-bpy]2bpy}
2+
 (bpy = bipyridine) 
metalloligand which has four carboxylic acid pendants with Zn(NO3)2 in DMF/H2O 
mixture solvent at 90˚C (Scheme 1.3).36 The Zn center adopts a tetrahedral geometry 
coordinated by four oxygen atoms of four carboxylate groups of the LRu ligand, rendering 

















































































Scheme 1.1 a) Construction of a hybrid porphyrin trimer from a Ru(II) pyridyl-carboxylic 











































Fig. 1.2 Dinuclear [Au2(dppm)(IsonicH)2]
2+
 with the two free carboxylic acid moieties 












































Fig. 1.3 Fragment showing the connectivity of LRu and Zn centers in the LRuZn MOF 
 
1.2.2 O-donating metalloligands with pyridine as pendant 
Metal pyridyl-carboxylate complexes bound through carboxylate group can also act as 
6 
 
metalloligands by luring metal-containing Lewis acids to bind to the N-pyridyl group. For 
example, in Ru(IMes)2(CO)(η
2
-O2CC5H4N)H (IMes = 
bis(1,3-(2,4,6-trimethylphenyl)imidazol-2-ylidene)
37








(Scheme 1.4), the carboxylate ligands 
are bonded in a symmetric (or almost) chelating mode and the active donor comes from 
the pendant pyridine, enabling the complexes to serve as nitrogen metalloligands. As 
reported by Cotton et al.,
14
 two different types of heterometallic assemblies have been 
constructed by programming the number and position of the pyridyl angler: a 
heterometallic {Mo2NiMo2} rod from the dimolybdenum-containing building block 
Mo2(DAniF)3(O2C5H4N) containing one dangling pyridyl group; a heterometallic 
{Mo2ZnMo2Zn} molecular rhombus from cis-Mo2(DAniF)2(O2C5H4N)2 containing two 
dangling pyridyl anglers displaced at ~90˚ (Scheme 1.5). The rhombohedral molecule has 
a large cavity (9Å × 9Å) which can hold one interstitial dichloromethane molecule 













Fig. 1.4 Mononuclear Ru(IMes)2(CO)(η
2































































































































Scheme 1.5 Construction of a heterometallic molecular rod and a heterometallic 
molecular rhombus from two programmed dimolybdenum-containing building blocks 
 
1.2.3 N, O-coordinated metalloligands with carboxyl oxygen as pendant 
Even when the ligand is in a N, O-coordinated state (Fig. 1.1c or d), there is still a 
carboxyl oxygen that is pendant. This oxygen is weakly basic and sufficient to capture a 
second acidic metal if the stereoconformational conditions are met. This is exemplified in 
the formation of the heterometallic [Pd2Ag2(dppf)2(PyOAc)2(OTf)4] by attracting AgOTf 





































Scheme 1.6 Formation of heterometallic [Pd2Ag2(dppf)2(PyOAc)2(OTf)4] from 
[Pd2(dppf)2(PyOAc)2](OTf)2 metalloligand 
 
The basicity of the carboxyl oxygen also allows the network assemblies of 
pyridyl-carboxylates to function as multi-site hosts as found in many MOF systems. 
Brasey et al. have recently reported a Ru(II) pyridine-3,5-dicarboxylate network that 
contains triangular pore spaces with converging carbonyls for hosting of K
+
 ions (Fig. 
1.5).
39
 A rearrangement of the hexanuclear cage into a dodecanuclear coordination cage 
with an elusive icosahedral geometry has been observed with the addition of excess of K
+
 
ions. Besides, a series of Ru(III) or Ru(II) complexes incorporating three or two chelating 





 (Fig. 1.6). In these complexes the picolinate ligands are coordinated in a 
bidentate mode through one O on the carboxylate and the N of the pyridine. With free 
basic carboxyl oxygen pendants displaced at different directions, they can be potential 
metalloligands to construct heterometallic assemblies of different dimensions. In addition, 
Pavan et al. has reported two ruthenium(II) phosphine/picolinate complexes 
cis-[Ru(dppm)2(Pic)](PF6) and cis-[Ru(dppe)2(Pic)](PF6) (dppe = 
1,2-bis(diphenylphosphino)ethane), which are qualified as potential antitubercular agents, 
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having lower MICs (Minimum Inhibitory Concentrations) than some drugs commonly 





















Fig. 1.5 [(p-cymene)Ru(pyridine-3,5-dicarboxylate)]6 with K
+
 guest (only part of the cage 
is shown for clarity). Three carbonyl O atoms of the bridging 3,5-pyridinedicarboxylate 




























Fig. 1.6 Mononuclear Ru(III) or Ru(II) picolinate complexes with carboxyl oxygen as 
pendant 
 
1.3 Heterometallic assemblies with pyridine carboyxlates as spacers 







 and photophysical applications
30,31,53-55
. The different 
mixes of metals give a powerful tool to tune metal cooperative effects, as well as their 
communicative and conjugative abilities. As was reported by Noro et al.,
34
 a variety of 
10 
 





 = pyridine-2,4-dicarboxylate) according to their bridging 
modes and incorporated metal centers (Scheme 1.7). CoL
Cu
 which have the 
4-carboxypyridinate bridge between magnetic centers, have weak antiferromagnetic 
interaction, whereas FeL
Cu
 with the carboxylate bridge between magnetic centers reveal 
1-D ferromagnetic behavior (J/kB = 0.71 K) (Fig. 1.7). Another example is that for the 
axial-bonding type hybrid porphyrin trimer shown in Scheme 1.1a, the fluorescence 
quenching effect has been observed with respect to the dihydroxy Sn(IV) porphyrin. This 
can be interpreted in terms of a photo-induced electron transfer (PET) from the axial 

























































The electrochemical properties can also be tuned by incorporation of mixed metals. For 
example, the two dimolybdenum-containing building blocks Mo2(DAniF)3(O2C5H4N) and 
11 
 
cis-Mo2(DAniF)2(O2C5H4N)2 (Scheme 1.5) show reversible one-electron redox processes 
at 310 and 560 mV vs. Ag/AgCl, respectively. The {Mo2NiMo2} heterometallic rod also 
shows very similar patterns in the CV, which may be due to that the separation between 
the Mo2 units is long enough that an extremely weak communication is observed. 
However, the CV for the rhombohedral compound {Mo2ZnMo2Zn} appears to correspond 
to a less reversible process. It is possible that because of a relatively weak N to Zn 




There are a variety of methods to construct heterometallic complexes. One of the most 
attractive and convenient synthetic approaches is the step-wise assembly by employing 
“metalloligands” as building blocks, which has been discussed above. This approach 
provides many advantages in that it enables more stringent control over the course of the 
reaction and upon the products that are formed. 
 
1.4 Coordination polymers from pyridyl-carboxylates 
Due to the multiple binding modes of pyridyl-carboxylates, marvelous coordination 
polymers
56-58
 are constructed, among which there is a special category that the network is 
connected through hydrogen bonds. A good example is found in the formation of a mesh 
of fused squares with large cavities (15 Å × 15 Å) through hydrogen bonds between 
neighboring carboxylic acid end and deprotonated carboxylate end (Fig. 1.7).
59
 Another 
example is found in the formation of the hydrogen-bonded tapes from the simple 







 Sekiya et al. have also 
utilized hydrogen bonding in the perparation of supramolecular compounds. By means of 
dimer formation of IsonicH molecules throuth complementary hydrogen bonds, a long 
flat building block that acts as a bidentate ligand has been generated and utilized to 
assemble a new type of host [Ni(SCN)2(IsonicH)2]n whose cavity is suitable to include 











































































Fig. 1.7 [Pt(IsonicH)2(Isonic)2]n network complex with edges elongated through 































Fig. 1.8 A 2D network host complex formed by combination of the isonicotinic acid 
dimers and 1D [Ni(SCN)2] complexes 
 
1.5 Conclusions 
Pyridyl-carboxylates are widely used in metalloligand construction, heterometallic 
assemblies and coordination polymer creation. Although some mononuclear Ru(II) 
pyridyl-carboxylate compounds have been prepared, their ability as metalloligands to 
assemble heterometallic aggregates are not well studied, especially the effect of the 
incorporation of mixed metals on the electrochemical properties. 
 
1.6 Design and Objectives 
Our use of Ru(II) as a versatile pyridyl-carboxylate system is due to the following 





. Secondly, the d
6
 metal Ru(II) usually has an octahedron geometry, 
14 
 
which possesses six coordination sites. By anchoring with proper auxiliary ligands, e.g. 
diphosphines at proper positions, controlled geometry can be achieved. Diphosphines 
have been extensively employed as auxiliary ligands in organometallic chemistry. They 
are preferred over other ligands due to their electron-richness, bulkiness and stability 
arising from chelate effect. Some ruthenium complexes containing a single diphosphine 
(dppf, dppb (1,4-bis(diphenylphosphino)butane), etc.) per metal center are reported to be 
active in catalytic hydrogenation of unsaturated organics,
62,76,77
 while those containing 
double diphosphines at cis or trans position are particularly useful in directing the 
geometry and stabilizing the compound. 
 
Although ruthenium complexes incorporating hybrid pyridyl-carboxylate are seldom 
reported, the ruthenium chemistry with pyridine or carboxylate has been ubiquitous in the 
literatures. Mononuclear Ru(II) carboxylate complexes and their electrochemical 
properties have been widely studied, especially those with diphosphine as supporting 
ligands.
78-80
 Aquino‟s group has successfully introduced a second metal center (in an 
organometallic environment) by incorporating ferrocenecarboxylate or 
ruthenocenecarboxylate to a “traditional” (Werner-type) coordination complex to create a 
homo- or heterometallic metal-organometallic system (MOMS).
81,82
 The heterobimetallic 
species not only give a very stable mixed-valent state but also an increased stability when 
compared with the isolated mononuclear fragments, e.g. [Ru(dppm)2(η
2
-O2CFc)](PF6) (Fc 
= ferrocenyl) (Fig. 1.9) vs [Ru(dppm)2(η
2
-O2CCH3)](PF6). However, very few studies 
have incorporated other functional groups in the carboxylate group. Aquino‟s group83 has 
15 
 
reported a series of mono-ruthenium complexes containing a thiophene-carboxylate 
ligand, such as [Ru(dppe)2(η
2
-O2CC4H3S)](PF6). But their ability as a metalloligand to 
from heterometallic assemblies is not studied. In this work, we have successfully 
incorporated pyridyl group into carboxylate ligand and their ability as hybrid spacers for 
heterometallic assembly is evidenced by coordination with Lewis acidic Pd(II)/Pt(II)/Ag(I) 
centers. Pyridine and its derivatives are also well combined with ruthenium diphosphine 
moieties in assembling nanoscale macrocycles, eg. {[RuCl2(dppb)](μ-4,4'-bipyridine)} 
(Fig. 1.10).
69
 Our interest in introducing carboxylate functional group to pyridine is 
triggered by the prospect of synthesizing an asymmetric square with the ambidentate 
ligand. The incorporation of the carboxylic acid functionality also may introduce the 












































{[RuCl2(dppb)](μ-4,4'-bipyridine)} square with symmetric 4,4'-bipyridine as spacers 
16 
 
In summary, the objectives of this work are as follows: (1) to synthesize and 
characterize novel ruthenium pyridyl-carboxylate metalloligands of different donor sites; 








 heterometallic complexes; 





Chapter 2. Mono- and dinuclear ruthenium(II) complexes with 
selective coordination of pyridyl-carboxylate ligands 
 
Section I. Ruthenium(II) pyridyl-carboxylate complexes with pyridyl pendant 
 
Results and Discussion 
2.1.1 Synthesis 
Treatment of cis-[Ru(dppm)2(MeCN)2](OTf)2 (1) (OTf = CF3SO3 or triflate) with 
excess pyridyl-carboxylic acids in acetone and water (1:1) in the presence of NaOH 
produced a series of mononuclear Ru(II) pyridyl-carboxylate complexes 
[Ru(dppm)2(η
2
-O2C–R–C5H4N)](OTf) (R = - (2), CH2 (3), C2H2 (4), C6H4 (5)), 
[Ru(dppm)2(η
2
-O2C–m-C5H4N)](OTf) (6) and one dinuclear complex 
[Ru(dppm)2]2[3,5-(η
2
-O2C)2–C5H3N](OTf)2 (7) (Scheme 2.1). Surprisingly, the reaction 
goes well in the absence of NaOH although the yield is a little lower. Under such 
circumstance, CF3SO3
- 
may serve as a base and sequestrates the proton from 
pyridyl-carboxylic acid to generate triflic acid (HOTf).
33
 This synthetic method is derived 




, who use cis-Ru(dppm)2Cl2 to react with carboxylate or 
xanthate salts in the presence of NH4PF6. The reactions in this work start with 
cis-[Ru(dppm)2(MeCN)2](OTf)2 (1) which has two labile MeCN solvent molecules and 
the hybrid pyridine/carboxylate ligands surrogate for simple acetate. The incorporation of 
pyridyl groups in the carboxylate allows these complexes to be potential metalloligands 
which have extra pendant donor sites to lure another Lewis acidic metal center. The R 
18 
 
groups of different flexibility and length inserted between these two functional groups can 
help to adjust the position of pyridyl pendants with respect to the ruthenium(II) center. 
This is important in controlling the distance and electronic communication between 
ruthenium and another metal center upon the formation of heterometallic complexes. The 
choice of the water/acetone solvent system further facilitates the separation of the product; 
the crystalline solids could be obtained by cooling the reaction mixture to r.t. 
accompanied by slow evaporation of acetone. 
cis-[Ru(dppm)2(MeCN)2](OTf)2














































Scheme 2.1 Synthesis of ruthenium(II) pyridyl-carboxylate complexes 2–7 with 
pyridyl pendants 
 
2.1.2 Characterization and General Properties 
Complexes 2–7 are air stable in their solid state. They can readily dissolve in CH2Cl2, 
CHCl3, acetone and DMF, etc. The coordination mode of the hybrid pyridyl/carboxylate 
ligand is characterized by infrared (IR) spectroscopy. The IR spectra of all these 
complexes display the typical asymmetric (νasym) and symmetric (νsym) carboxylate 
19 
 
stretching frequencies in the range 1497–1523 cm–1 and 1402–1446 cm–1, respectively, 
with Δν (νasym – νsym) ranging from 73 to 109 cm
–1
, indicative of a η2 binding mode of 






P NMR spectra of complexes 2–6 show features for cis configuration of the two 





. A pair of triplets at around 10 and –11 ppm (A2B2 pattern) is seen for the two 
pairs of equivalent phosphorus centers. The triplet peak at around 10 is assigned as the P 
atoms trans to carboxylate group on the basis of the fact that phosphine has stronger trans 
effect than carboxylate group. In principle, an AA'BB' should be expected since the P 
atoms trans to each other are magnetically nonequivalent. However, for such cis 
octahedral complexes having C2 symmetry, the A2B2 pattern is more often observed rather 
than AA'BB' when |J(AB) – J(AB')| << |δA – δB|
86
. In complexes 2–6, the chemical 
environments of PA and PB are significantly different (Table 2.1) and |J(AB) – J(AB')| << 
|δA – δB|, thus two triplets are observed. For the dinuclear complex 7, the 
31
P spectrum 
also shows only two triplets, implying the similar environment of the two Ru centers and 












H} NMR data for complexes 2–7. 
 δPA/ppm δPB/ppm δPA – δPB/Hz J(AB) /Hz 
2 9.6 (t) –11.1 (t) 4190.7 39.7 
3 8.8 (t) –10.8 (t) 3968.0 39.7 
4 9.1 (t) –11.3 (t) 4130.0 39.7 
5 9.5 (t) –11.2 (t) 4190.7 38.4 
6 9.7 (t) –11.0 (t) 4090.7 39.1 




H NMR spectra for the acetate derivatives 2–6 show chemical shift values similar 
to those seen by Robinson
78
, with phenyl protons of dppm resonance in the range of 
7.8–6.2 ppm and methylene protons at around 4.7 and 4.1 ppm. The pyridyl protons of 2, 
4, and 5 display two quartets at 8.7/7.4 ppm (2), 8.7/7.3 ppm (4) and 8.7/7.7 ppm (5), 
respectively. The pyridyl protons in 3 (at 8.5 and 6.9 ppm) are more upfield shifted due to 
the lack of conjugation with the carboxylate group, which results in richer electron 
density around the pyridyl ring. Because of the lack of plane or rotational symmetry, the 
protons on pyridyl of 6 display one doublet at 8.8 ppm, one doublet of doublet at 8.7 ppm, 
one doublet of triplet at 7.8 ppm and one doublet at 7.3 ppm. The pyridyl protons in 7 
display a doublet at 8.8 and a triplet at 7.8 ppm, indicating the relative axis symmetry 
lying in the butterfly-shaped dinuclear complex. In complex 3, the –CH2– protons are 
clearly discernible as a quartet at 3.3 ppm which derives from the coupling of the two 
protons in –CH2–. The trans –CH=CH– protons in 4 are characteristic as a pair of 




ESI-MS analysis of 2–7 all gives [Ru(dppm)2]
+
 fragment (m/z 869, 10%–30%) and 
their respective parent ion peaks, {(M
+
, m/z 992, 100%) for 2; (M
+
, m/z 1006, 100%) for 
3; (M
+
, m/z 1018, 100%) for 4; (M
+
, m/z 1068, 100%) for 5, (M
+
, m/z 992, 100%) for 6 
and (M
2+
, m/z 952, 100%) for 7}. For the dinuclear complex 7, a 
[Ru(dppm)2(OOCNC5H3COOH)]
+
 (m/z 1036) fragment was also detected in a relatively 
lower abundance (15%). These observations indicate their good stability under the 
spectrometric conditions. All the ESI-MS data are consistent with the formulae proposed. 
They also tally with other spectroscopic data. 
  
Fig. 2.1 ESI-MS spectrum of [Ru(dppm)2(OOCC6H4C5H4N)](OTf) (5) 
 
p194 #3 RT: 0.06 AV: 1 NL: 1.23E8
T: + c ESI Full ms [50.00-2000.00]












































The UV-vis spectra of complexes 2–7 were illustrated in Fig. 2.1. Each complex 
exhibits one high-energy absorption band with λmax in the range 285–288 nm, which are 
assignable to intra-ligand π→π* transitions of dppm phenyl groups. The intense band at 









) (4), 332 nm (ε = 3155 M−1 cm−1) (6) or 331 nm (ε = 11282 M−1 cm−1) (7), 
is assigned to dπ(Ru) → π*(COO) M→L charge transfer (MLCT) transition.
67
 The rather 




) (2), 390 nm (ε = 992 M−1 
cm
−1





) (7) have been assigned to d → d transitions (t2 → e).
87,88
 Elemental 
analysis of 2–7 is consistent with their chemical formulae. Their structures were further 
characterized by single-crystal X-ray crystallography. 
dicar #4-10 RT: 0.10-0.26 AV: 7 SB: 3 0.02-0.07 NL: 3.42E7
T: + c ESI Full ms [50.00-2000.00]








































































Fig. 2.3 UV/Vis absorption spectra of 2 (1.1 × 10
–4
 M), 3 (1.3 × 10
–4
 M), 4 (1.1 × 10
–4
 M), 
5 (1.2 × 10
–4
 M), 6 (1.1 × 10
–4
 M) and 7 (1.0 × 10
–4
 M) in CH2Cl2 at 298K 
 
2.1.3 X-ray Crystallographic Structure Studies 
The stereochemistry and atomic labeling system for the cations of 2–7 are shown in the 
Fig. 2.2–2.7, and their selected bond lengths and angles are listed in Table 2.2–2.3. All of 
complexes 2–6 crystallize in the monoclinic space group P21/n. Their asymmetric units 




 (R' = C5H4N (2), CH2–C5H4N (3), 
C2H2–C5H4N (4), C6H4–C5H4N (5) or m-C5H4N (6)) cation and one OTf anion. For 3, the 
unit contains another three partially occupied water hydrates and one ether molecule. 
They are mononuclear structures with distorted octahedral Ru(II) center associated by two 
chelating dppm ligands and one chelating carboxylate. The pyridyl groups in these 
complexes are presented as free pendants. The geometry about the six-coordinate 
ruthenium(II) centre deviates substantially from regular octahedral due to steric 
24 
 
constraints imposed by the four-membered chelate rings. The angle subtended by the 
carboxylate group is 59.26(6)–60.13(7)˚ and those subtended by the two diphosphines are 









 which have 
carboxylate bite angle of 59.4˚ and 59.6˚ respectively and diphosphine (dppm) bite angles 
of 71.8° and 72.3° & 70.2° and 70.5° respectively. Two dppm chelates are cis to each 
other, which is a desirable scaffold to allow carboxylate group to coordinate in a chelating 
way. The Ru–P distances for the mutually trans P-donor atoms (2.324(7)–2.382(7) Å) are 
significantly longer than those of the Ru–P linkages trans to the carboxylate ligand 
(2.275(7)–2.292(5) Å). Similar result is also noted in complex 
[Ru(dppm)2(acetate)](BPh4)
78
 and is ascribed to the stronger trans influence of the 
phosphine than carboxylate ligands. 
 
The carboxylate group in 2 and 4 shows relatively symmetrical binding to the Ru(II) 
center with Δ(Ru–O) of 0.014 Å for 2 (Ru(1)–O(1) = 2.191(2) Å, Ru(1)–O(2) = 2.205(2) 
Å) and 0.005 Å for 4 (Ru(1)–O(1) = 2.195(1) Å, Ru(1)–O(2) = 2.189(1) Å). However, in 
5 and 6, the carboxylate group binds less symmetrically to Ru(II) with Δ(Ru–O) of 0.052 
Å for 5 (Ru(1)–O(1) = 2.167(2) Å, Ru(1)–O(2) = 2.219(2) Å) and 0.057 Å for 6 
(Ru(1)–O(1) = 2.181(2) Å, Ru(1)–O(2) = 2.238(2) Å). The asymmetry of the carboxylate 
binding in 6 can be easily understood as the effect of the asymmetric nicotinate ligand, 
while for 5, the asymmetry may derive from the repulsion between phenyl groups from 
dppm and the 4-(pyridin-4-yl)benzoate ligand. 
25 
 
The pyridyl ring in 2 is almost parallel to the Ru–O–C–O plane with a small dihedral 
angle of 1.45(9)˚ between the pyridyl ring and the Ru–O(1)–C(1)–O(2) plane, while in 
compound 6 where a m-substituted nicotinate is applied, the pyridyl ring deviates 
significantly from the Ru–O–C–O plane with an angle of 16.60(7)˚. In compound 3, with 
the presence of the –CH2– spacer between the pyridyl and carboxylate groups, the pyridyl 
group is significantly bent out of plane with respect to the Ru–O–C–O plane and 
disordered into two positions with occupancy ratio of 68:32 in the crystal. In compound 4, 
the pyridyl–CH=CH– moiety extends relatively straight out from the Ru core with an anti 
arrangement about the double bond. The dihedral angle between the Ru–O–C–O plane 
and the pyridyl ring is 11.22(6)˚. The C(1)–C(2), C(2)–C(3) and C(3)–C(6) bond lengths 
are 1.477(3), 1.331(3) and 1.473(3) Å, respectively, indicating limited conjugation. In 
contrast to 2 and 4, the pyridyl ring in 5 is significantly bent out of the plane with respect 
to the Ru–O–C–O plane with an angle of 43.11(9)˚ and benzene plane with an angle of 
30.67(1)˚. 
 
Compound 7 crystallizes in the triclinic space group Pī, and the asymmetric unit 




 cation, two OTf anions and 
one half acetone. As shown in Fig. 2.7, 7 is a butterfly shaped binuclear compound, in 
which the two Ru(II) metal centers are bridged by a pyridine-3,5-dicarboxylate anion 
acting as a V-shaped connector. Each Ru(II) center adopts a distorted octahedral geometry 
coordinated by two chelating dppm ligands and one chelating carboxylate group from the 
pyridine-3,5-dicarboxylate spacer. The corresponding bond lengths and angles are similar 
26 
 
to those found in complexes 2–6. The two Ru–η2-OCO planes deviate significantly from 
the pyridyl ring with dihedral angle of 21.45(1)˚ (Ru(1)–O(1)–C(1)–O(2) vs pyridyl plane) 
and 17.07(1)˚ (Ru(2)–O(3)–C(7)–O(4) vs pyridyl plane), respectively. 
 









































0.5acetone). All phenyl groups 
are represented by their ipso carbon atoms for clarity.
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Table 2.2 Selected bond lengths (Å) and angles (°) for complexes 2–6 
 2 3 4 5 6 
Ru(1)–O(1) 2.1908(16) 2.184(3) 2.1946(14) 2.1671(19) 2.1807(16) 
Ru(1)–O(2) 2.2052(16) 2.222(3) 2.1894(13) 2.2192(19) 2.2378(17) 
Ru(1)–P(1) 2.3529(6) 2.3523(11) 2.3536(5) 2.3523(7) 2.3504(7) 
Ru(1)–P(2)  2.2863(6) 2.2924(11) 2.2855(5) 2.2891(7) 2.2829(7) 
Ru(1)–P(3) 2.2862(6) 2.2792(11) 2.2920(5) 2.2751(7) 2.2919(7) 
Ru(1)–P(4) 2.3689(6) 2.3307(12) 2.3544(5) 2.3238(7) 2.3820(7) 
O(1)–C(1) 1.267(3) 1.270(6) 1.274(2) 1.270(3) 1.268(3) 
O(2)–C(1) 1.263(3) 1.261(5) 1.270(2) 1.281(3) 1.272(3) 
O(1)–Ru(1)–O(2) 59.58(6) 59.47(11) 59.93(5) 60.13(7) 59.26(6) 
P(1)–Ru(1)–P(2) 71.80(2) 71.51(4) 71.904(18) 71.64(3) 71.50(3) 
P(3)–Ru(1)–P(4) 71.96(2) 72.32(4) 71.727(18) 72.64(3) 71.69(2) 
O(1)–Ru(1)–P(1) 93.55(5) 95.36(9) 93.64(4) 96.01(6) 92.81(5) 
O(1)–Ru(1)–P(2) 101.87(5) 104.52(9) 106.12(4) 160.90(6) 101.00(5) 
O(1)–Ru(1)–P(3) 162.11(5) 158.66(9) 157.88(4) 103.07(5) 163.27(5) 
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O(1)–Ru(1)–P(4) 97.18(5) 92.02(9) 94.83(4) 91.99(6) 98.16(5) 
O(2)–Ru(1)–P(1) 93.57(5) 96.02(9) 96.65(4) 97.37(6) 94.23(5) 
O(2)–Ru(1)–P(2) 156.37(5) 159.52(9) 162.11(4) 106.01(5) 155.82(5) 
O(2)–Ru(1)–P(3) 106.20(5) 105.70(8) 102.33(4) 156.01(6) 107.36(4) 
O(2)–Ru(1)–P(4) 94.76(5) 92.48(9) 93.13(4) 90.00(5) 94.78(5) 
P(1)–Ru(1)–P(3) 98.45(2) 101.82(4) 102.017(18) 101.63(3) 98.51(2) 
P(1)–Ru(1)–P(4) 168.76(2) 170.78(4) 169.387(18) 171.09(3) 168.34(2) 
P(2)–Ru(1)–P(3) 94.50(2) 92.97(4) 93.659(19) 93.87(3) 94.28(2) 
P(2)–Ru(1)–P(4) 102.54(2) 101.30(4) 99.541(18) 101.56(3) 102.32(3) 
Ru(1)–O(1)–C(1) 90.79(13) 91.3(3) 90.46(12) 91.48(16) 92.33(13) 
Ru(1)–O(2)–C(1) 90.23(13) 89.8(3) 90.82(11) 88.85(16) 89.61(13) 
O(1)–C(1)–O(2) 119.3(2) 119.4(4) 118.77(17) 119.0(2) 118.7(2) 
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Table 2.3 Selected bond lengths (Å) and angles (°) for complex 7 
Ru(1)–O(1)  2.204(3) Ru(1)–O(2) 2.193(3) 
Ru(1)–P(1)  2.3681(11) Ru(1)–P(2) 2.2904(11) 
Ru(1)–P(3)  2.2761(10) Ru(1)–P(4) 2.3414(11) 
O(1)–C(1) 1.262(4) O(2)–C(1) 1.266(5) 
Ru(2)–O(3)  2.192(3) Ru(2)–O(4) 2.206(3) 
Ru(2)–P(5)  2.3525(13) Ru(2)–P(6) 2.2702(13) 
Ru(2)–P(7)  2.3512(14) Ru(2)–P(8) 2.2799(11) 
O(3)–C(7) 1.268(5) O(4)–C(7) 1.270(5) 
C(7)–C(5) 1.482(6) C(5)–C(6) 1.384(6) 
C(6)–N(1) 1.337(6) N(1)–C(2) 1.343(5) 
C(2)–C(3) 1.388(6) C(3)–C(1) 1.484(5) 
C(3)–C(4) 1.391(5) C(4)–C(5) 1.383(5) 
O(1)–Ru(1)–O(2) 59.62(9) P(1)–Ru(1)–P(2) 69.23(4) 
P(3)–Ru(1)–P(4) 70.97(4) O(1)–Ru(1)–P(1) 98.14(7) 
O(1)–Ru(1)–P(2) 159.19(7) O(1)–Ru(1)–P(3) 104.74(7) 
O(1)–Ru(1)–P(4) 90.17(7) O(2)–Ru(1)–P(1) 100.14(7) 
O(2)–Ru(1)–P(2) 105.11(7) O(2)–Ru(1)–P(3) 157.59(7) 
O(2)–Ru(1)–P(4) 91.96(7) P(1)–Ru(1)–P(3) 97.92(4) 
P(1)–Ru(1)–P(4) 167.62(4) P(2)–Ru(1)–P(3) 93.64(4) 
P(2)–Ru(1)–P(4) 105.24(4) Ru(1)–O(1)–C(1) 90.1(2) 
Ru(1)–O(2)–C(1) 90.5(2) O(1)–C(1)–O(2) 119.7(3) 
O(3)–Ru(2)–O(4) 59.77(10) P(5)–Ru(2)–P(6) 71.30(5) 
P(7)–Ru(2)–P(8) 70.50(4) O(3)–Ru(2)–P(5) 91.95(8) 
O(3)–Ru(2)–P(6) 103.63(8) O(3)–Ru(2)–P(7) 95.58(8) 
O(3)–Ru(2)–P(8) 160.60(8) O(4)–Ru(2)–P(5) 92.47(8) 
O(4)–Ru(2)–P(6) 157.13(8) O(4)–Ru(2)–P(7) 95.04(8) 
O(4)–Ru(2)–P(8) 106.81(8) P(5)–Ru(2)–P(7) 171.33(5) 
P(5)–Ru(2)–P(8) 103.14(4) P(6)–Ru(2)–P(7) 102.63(5) 
P(6)–Ru(2)–P(8) 92.84(4) Ru(2)–O(3)–C(7) 90.7(2) 




2.1.4 Electrochemical Properties 
In order to gain insight into the electronic environment of these new complexes, the redox 
properties of 2–7 were examined by Cyclic Voltammetry (CV). The measurements were 
carried out in dichloromethane with Bu4NBF4 as the supporting electrolyte. Under the applied 
experimental condition, the one electron oxidation of ferrocene occurs at 0.58 V vs Ag/AgCl. 
Of the compounds tested, 3–5 and 7 show cyclic voltammetric responses as quasi-reversible 
or irreversible processes. The CV of compound 2 show a strong increase in current starting 
from around 1.0V, but the peak could hardly be assigned. The electrochemical data for 
complexes 3–5 and 7 are summarized in Table 2.4. 
 
The Cyclic Voltammogram (CV) (Fig. 2.8) of 3 shows two redox peaks of of E1/2 at 0.979 
V and 0.585 V (weak), while the CV of 4 and 5 show one redox peak (E1/2 = 0.977 for 4; 
1.011 for 5) and one small reductive peak of Ec at 0.571 V (4) or 0.621 V (5). The redox peak 







 The anodic to cathodic peak separation is 78–111 mV for 3–5 at 50 mV/s scan 
rate, implying the electrochemically quasi-reversible or irreversible process. The anodic to 
cathodic current ratios from the CV for all these compounds are significantly larger than one, 
indicating the lost of chemical reversibility.
71
 This is understandable because of the less 
favored four-membered ring formed by dppm with Ru(II) center and this phenomenon is also 
observed for [Ru(dppm)2(η
2
-O2CCH3)](PF6) (ia/ic = 63) which shows far less chemical 
reversibility than its dppe analogue [Ru(dppe)2(η
2
-O2CCH3)](PF6) (ia/ic = 1.16) with 
five-membered ring.
71
 The reason that the reductive peak is much smaller than the oxidative 
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one maybe because the oxidized Ru(III) complex is not very stable and is chemically 
“removed” from the surface by converting to another electrochemically active product, which 
displays a new redox (3) or reductive peak (4 and 5) at lower potential as shown in the Cyclic 
Voltammograms.
89
 This also explains the existence of the small redox or reductive peaks in 




, complexes 3–5 
have smaller anodic to cathodic peak separation (78–111 mV vs 283 mV) and current ratio 
(3.1–12.1 vs 63), implying that the pyridyl decorated ruthenium carboxylate complexes 3–5 
are more electrochemically and chemically reversible than the acetate analogue. 
 
For the dinuclear complex 7, only one quasi-reversible response centered at 1.229 V was 
observed which is attributed to oxidation of the ruthenium center from +2 to +3. This is 
consistent to the fact that 7 is relatively axial symmetrical. Similar to those mononuclear 
Ru(II) pyridyl-carboxylate complexes 3–5, 7 also shows low chemical reversibility and the 
ia/ic value is difficult to read since the reduction peak is a shoulder. As shown in Table 2.4, the 
Ru
+2/+3
 oxidation couple in 7 is significantly anodic shifted with respect to that in 3–5. This 
indicates that there is less electron density on Ru core in 7 than in 3–5, which renders that the 




















3 1.018 [0.940] 0.078 0.979 12.1 
4 1.021 [0.932] 0.089 0.977 11.0 
5 1.066 [0.955] 0.111 1.011 3.1 




All potentials vs Ag/AgCl with a rate of 50 mV/s, ferrocene/ferrocenium couple located at 
0.58 V. 
b
Anodic [Ea] and cathodic [Ec] potentials where observed. 
c
Ea – Ec where observed. 
d
E1/2 = (Ea + Ec) / 2. 
e
Anodic to cathodic peak current ratios where observed. 
f
n/o = not 
observed. 
 
























Potential vs Ag/AgCl (V)
 
Fig. 2.10 Cyclic voltammogram of [Ru(dppm)2(η
2
-O2CCH2C5H4N)](OTf) (3) in CH2Cl2 (0.1 
M 
n




































Fig. 2.11 Cyclic voltammogram of [Ru(dppm)2(η
2
-O2CC2H2C5H4N)](OTf) (4) in CH2Cl2 (0.1 
M 
n
Bu4NBF4) at r. t. (Black) and the blank CH2Cl2 solution with 0.1 M 
n
Bu4NBF4 (gray) 




















Potential vs Ag/AgCl (V)
 
Fig. 2.12 Cyclic voltammogram of [Ru(dppm)2(η
2
-O2CC6H4C5H4N)](OTf) (5) in CH2Cl2 (0.1 
M 
n






























Fig. 2.13 Cyclic voltammogram of [Ru(dppm)2]2[(η
2
-O2C)2–3,5-C5H3N](OTf)2 (7) in CH2Cl2 
(0.1 M 
n





A series of mononuclear complexes [Ru(dppm)2(η
2
-O2C–R')](OTf) (R' = C5H4N (2), 
CH2–C5H4N (3), C2H2–C5H4N (4), C6H4–C5H4N (5) or m-C5H4N (6)) and one dinuclear 
complex [Ru(dppm)2]2[3,5-(η
2
-O2C)2–C5H3N](OTf)2 (7) have been afforded systematically 
via facile substitution of both CH3CN in cis-[Ru(dppm)2(MeCN)2](OTf)2 (1) by RCO2
–
 ions. 
They are fully characterized by elemental analysis, IR, UV-vis, NMR, ESI-MS and X-ray 
crystallography. In all these compounds, the pyridyl-carboxylate ligand coordinates to the 
Ru(II) center through chelating carboxylate site, leaving pyridyl as a free pendant. This 
coordination way is probably determined by two factors. One one hand, the basic reaction 
condition directly leads to the deprotonatin of the carboxylic acid and therefore force it to 
coordinate to Ru(II). On the other hand, the crowded environment around the ruthenium 
center blocked by two bulky dppm groups has made it impossible to accommodate two 
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pyriyl-carboxylate ligands. The pendant pyridyl group in these complexes allows them to act 
as potential metalloligands to construct heterometallic aggregates as deccribed in the next 
chapter. However, with only one pendant site, they are limited to constructing heterometallic 
molecules of low nuclearity. 
 
Their electrochemical properties were investigated by Cyclic Voltammetry. Of all the 
compounds tested, 3–5 and 7 show cyclic voltammetric responses as quasi-reversible or 
irreversible processes. All of their Cyclic Voltammograms show a one-electron oxidation 




. A small 
redox or reductive peak is located at ~0.6 V in the CV of each complex, which may be 
derived from the electrochemical response of the decomposed compound resulting from the 
unstable Ru(III) complex formed by oxidation process. The low electrochemical reversibility 




Section II. Ruthenium(II) pyridyl-carboxylate complexes with 
carboxylic acid pendants 
 
Results and Discussion 
2.2.1 Synthesis 
In order to gain metalloligands with two pendant donor sites which are useful for 
constructing homometallic and heterometallic rectangles or coordination polymers, neutral 
ruthenium precursors with less bulky surroundings are chosen to react with pyridyl-carboxylic 
acids. The five-coordinate, mixed phosphine complex [RuCl2(dppb)(PPh3)] has been shown to 
be a useful precursor for the preparation of mononuclear complexes
90-93
 containing the 
„RuCl2(dppb)‟ moiety, e.g. RuCl2(dppb)(L)2 (L = N-donors (NH3, pyridine, 4-aminopyridine, 
etc.)) as well as supramolecular species, e.g. {[RuCl2(dppb)](μ-4,4'-bipyridine)}4.
69
 With the 
displacement of PPh3, there is only one diphosphine (dppb) surrounding the ruthenium center, 
thus leaving more space for accommodating the incoming ligands. Herein, we use 
[RuCl2(dppb)(PPh3)] to react with two folds of trans-3-(pyridin-4-yl)acrylic acid or nicotinic 
acid in THF to give the “half-rectangle” complexes RuCl2(dppb)(NC5H4C2H2COOH)2 (8) and 
RuCl2(dppb)(NC5H4C2H2COOH)2 (9) (Scheme 2.2), both of which are anticipated to be 





























Scheme 2.2 Synthesis of ruthenium(II) pyridyl-carboxylate complexes (8–9) with carboxylic 
acid pendant 
 
2.2.2 Characterization and General Properties 
Complexes 8 and 9 are air stable in their solid state but less stable in their solution form. 
They are soluble in acetone, THF and DMF, slightly soluble in CH2Cl2 and CHCl3. The 
elemental analyses of 8 and 9 are consistent with their formulae. The coordination mode of 
the hybrid pyridyl-carboxylic acid ligand is characterized by infrared spectroscopy and 
1
H 
NMR. The IR spectra of complexes 8 and 9 exhibit two bands associated with vibration of the 
C–O vibration bond (ν(C=O)) at 1692 (s), 1638 (m) (8) or 1698 (s), 1601 (m) (9) cm−1 and a 
peak characteristic of ν(O–H) band at 2920 (8) or 2921 (9) cm−1, respectively, indicating that 
the carboxylic acid site is remained protonated and pendant. Meanwhile, their 
1
H NMR 
spectra show an apparent downfield chemical shift for the pyridyl α-H compared to 
compound 4 (9.0 vs 8.7 ppm) and 6 (9.7 vs 8.8 ppm), which may be derived from the loss of 
electron density of pyridyl rings upon complexation. Both the 
31
P spectra of complexes 8 and 
9 show a singlet at 41.2 ppm (8) or 42.5 ppm (9) and thus are suggestive of the equivalent 
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chemical environment of the two P atoms in each complex. There is also a small pair of 
doublets at 62.6 and 48.6 ppm (J(PAPB) = 39.7 Hz) for 8 and at 64.4 and 63.4 ppm (J(PAPB) = 
42.2 Hz) for 9, which maybe hints for the formation of small amount of 
[RuCl(dppb)(η2-OOC–m-C5H4N)]n or [RuCl(dppb)(η
2
-OOC–C2H2–C5H4N)]n (n = 3 to 6) 
metallocycles with pyridyl-carboxylate as spacers. The structure of 9 has been further 
determined by single-crystal X-ray crystallography. 
 
2.2.3 X-ray Crystallographic Structure Studies 
Complex 9 crystallizes in the monoclinic space group P21/c. The asymmetric unit of each 
compound contains one neutral RuCl2(dppb)(NC5H4–m-COOH)2 molecule, one quarter of 
hexane and one quarter of THF. As illustrated in Fig. 2.12a, the Ru ion has a distorted 
octahedral coordination structure coordinated by one chelating dppp ligands, two Cl in trans 
position and two cis nicotinic acid ligands coordinated through N atoms. Selected bond 
lengths and bond angles for the complex are listed in Table 2.5. The two meta formic acid 
groups, which are left intact, orient at the same side of the N–Ru–N plane and there is a 
mirror plane between the two nicotinic acid groups bisecting the molecule, which allows the 
31
P NMR spectrum to display one singlet as discussed above. Complementary hydrogen 
bonding is formed between neighboring nicotinic acids (O(2)
…
O(1A) = 2.641 Å, O(4)
…
O(3A) 
= 2.610 Å, O(2)–H(2)…O(1A) = 165.88˚, O(4)–H(4)…O(3A) = 147.26˚) (Fig. 2.12b), which 
results in a one-dimensional zigzag chain extended along b axis (Fig. 2.12c). Two kinds of 
channels are formed by stacking the adjacent chains: a polar one surrounded by two nicotinic 
acid dimers and two dppm phenyl rings; an apolar one surrounded by six dppm phenyl rings 
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of three neighboring molecules. These two kinds of channels selectively encapsulate two 
different types of solvent molecules with different polarities. The polar one wraps up THF 
while the apolar one hosts hexane (Fig. 2.12d). Strong C–H…π interactions (H(1SA)…C(8) = 
2.725 Å, H(1SA)
…
C(9) = 2.852Å, H(1SB)
…
C(4) = 2.395 Å, H(1SB)
…
C(6) = 2.360 Å) are 
found between one –CH2– group in THF and two nearby nicotinic acid ligands. The 
interactions of hexane molecules with the enriched phenyl rings are assumed to be dominated 
by van der Waals forces. 
 
In the isolated molecule, the two nicotinic acid ligands are cis to each other with N–Ru–N 
angle at 77.94(1)˚, which makes compound 9 a “half rectangle” structure. Such a 
“ half-rectangle”  complex with (potentially) free coordination sites is synthetically 
challenging and rarely isolable.
94
 Our group has reported one similar structure, 
[Pt(dppf)(isonicH)2](OTf)2 (dppf = 1,1-bis(diphenylphosphino)ferrocene), with the isonicH 
functionalities angled at 90˚ and has successfully utilized it to construct homo- and 
heterometallic molecular square [Pt4(dppf)4(μ-O2CC5H4N)4](OTf)4 and 
[Pt2Pd2(dppf)4(μ-O2CC5H4N)4](OTf)4 through proper deprotonation and rearrangement.
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However, different from the cation complex [Pt(dppf)(isonicH)2](OTf)2, 8 and 9 are neutral 
and the Ru(II) center is six-coordinated, which is more complicated than square planar 
Pt/Pd(II). Utilizing 8 or 9 as a precursor to construct homo- or heterometallic metal-organic 












Fig. 2.14 (a) The coordination environment of Ru in RuCl2(dppb)(NC5H4–m-COOH)2 (9) 
with 30% probability ellipsoids; (b) View of the dimer formed through the double hydrogen 
bonds between two nicotinic acids; (c) View of the hydrogen bonding one-dimensional zigzag 





Table 2.5 Selected bond lengths (Å) and angles (°) for complex 9 
Ru(1)–N(1) 2.195(3) Ru(1)–N(2) 2.250(3) 
Ru(1)–P(1) 2.2880(9) Ru(1)–P(2) 2.2884(10) 
Ru(1)–Cl(1) 2.4376(9) Ru(1)–Cl(2) 2.3877(9) 
N(1)–Ru(1)–N(2) 77.94(11) N(1)–Ru(1)–P(1) 91.58(8) 
N(1)–Ru(1)–P(2) 173.14(8) N(1)–Ru(1)–Cl(1) 91.87(8) 
N(1)–Ru(1)–Cl(2) 90.69(8) N(2)–Ru(1)–P(1) 167.83(8) 
N(2)–Ru(1)–P(2) 95.19(8) N(2)–Ru(1)–Cl(1) 88.25(8) 
N(2)–Ru(1)–Cl(2) 86.56(8) P(1)–Ru(1)–P(2) 95.25(4) 
P(1)–Ru(1)–Cl(1) 85.90(3) P(1)–Ru(1)–Cl(2) 99.89(3) 
P(2)–Ru(1)–Cl(1) 87.94(3) P(2)–Ru(1)–Cl(2) 88.82(3) 
Cl(2)–Ru(1)–Cl(1) 173.60(3)   
 
2.2.4 Electrochemical Properties 
The redox property of neutral pyridyl donated complex 8 was also examined by Cyclic 
Voltammetry (CV). The measurements were carried out under the same condition as in 
Section I. The Cyclic Voltammogram (Fig. 2.13) of 8 shows one redox peak (E1/2 = 0.632V) 
and one small reductive peak of Ec at 0.222 V. The redox peak of 8 is corresponding to the 






 The anodic to cathodic peak 
separation is 68 mV at 50 mV/s scan rate, implying the electrochemically quasi-reversible 
process. The anodic to cathodic current ratio is close to 1, indicating the relatively good 
chemical reversibility. Similarly, the small reductive peak at 0.222 V may be derived from the 
reduction of the electrochemically active Ru(III) complex which is chemically converted from 
Ru(III) complex formed during the oxidation process. 
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Potential vs Ag/AgCl (V)
 
Fig. 2.15 Cyclic voltammogram of RuCl2(dppb)(NC5H4C2H2COOH)2 (8) in CH2Cl2 (0.1 M 
n
Bu4NBF4) at r. t. (ΔE = 0.068 V; E1/2 = 0.632 V; ia/ic = 1.7) 
 
Conclusions 
Two Ru(II) pyridyl-carboxylic acid complexes 8 and 9 with carboxylic acid pendants were 
isolated when the five-coordinated [RuCl2(dppb)(PPh3)] was used as the precursor. The two 
compounds were characterized by IR, NMR and elemental analysis. The structure of 9 was 
confirmed by X-ray crystallography that the two nicotinic acid groups are located at 
cis-position, making 9 a “half rectangle” structure, which is important for homo- and 
heterometallic assemblies. Complementary hydrogen bonding is formed between neighboring 
nicotinic acids, which results in a one-dimensional zigzag chain extended along b axis. Two 
kinds of channels are formed by stacking the adjacent chains: a polar one and an apolar one. 
The polar one selectively wraps up THF and the apolar one hosts hexane. 
 
The redox property of 8 was also examined by Cyclic Voltammetry (CV). Its cyclic 
voltammogram shows one redox peak (E1/2 = 0.632V) corresponding to the oxidation of the 
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and one small reductive peak of Ec at 0.222 V derived from 
the reduction of the electrochemically active Ru(III) complex which is chemically converted 
from Ru(III) complex formed during the oxidation process. The redox process is 









 were prepared 






H} NMR spectra were recorded at ambient temperature on Bruker AVANCE 500 MHz 
spectrometers (
1
H at 500.13 MHz, 
31
P at 202.45 MHz). Chemical shifts in the 
1
H NMR 
spectra were measured relative to partially deuterated solvent peaks which are reported 
relative to TMS. 
31
P chemical shifts were measured relative to 85% H3PO4. Fourier transform 
infra-red spectra were recorded on a Bruker IFS 48 FTIR spectrometer as KBr disks 
(4000–400 cm–1). Elemental analyses were performed on a Perkin–Elmer PE 2400 CHNS 
Elemental Analyzer at the Elemental Analysis Laboratory. Electrospray mass spectra were 
obtained in positive-ion mode with a Finnigan/MAT LCQ mass spectrometer coupled with 
TSP4000 HPLC system and the crystal 310 CE system. The mobile phase was MeOH/H2O 
(4:1). The capillary temperature was 150 
◦
C. Peaks were assigned in m/z values and from the 




-O2CC5H4N)(OTf), O2CC5H4N = isonicotinate (2). A mixture of 
1 (102.6 mg, 0.08 mmol), isonicotinic acid (18.4 mg, 0.14 mmol) and NaOH (excess) in 
acetone/water (20 mL, 1:1 v/v) was brought to reflux for 4h. The mixture was then allowed to 
cool down at room temperature and expose to air. With the evaporation of acetone, yellow 
crystalline solids were obtained, which was filtered, washed 3 times with water and dried in 
vacuum. (76.2 mg, 81%). 
1
H NMR (500 MHz, CDCl3, 25C): δ 8.7 (q, pyridyl), 7.7–6.2 (m, 
phenyl), 7.4 (q, pyridyl), 4.8 (b, CHH in dppm), 4.1 (b, CHH in dppm) ppm. 
31
P NMR (500 
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MHz, CDCl3, 25C): δ 9.6, –11.1 (t × 2, JPP = 39.7 Hz, dppm) ppm. ESI-MS (CH2Cl2, 15 V, 
150C): m/z (fragment, relative intensity): 869.1 ([Ru(dppm)2]
+
, 10), 992.1 
([Ru(dppm)2(OOCC5H4N)]
+
, 100). IR (KBr, cm
–1
): ν(OCO(bidentate)), 1505 (m), 1402 (w). 




))): 285 (7727), 328 (4091), 392 (909). Anal. Calcd for 




-O2CCH2C5H4N)](OTf), O2CCH2C5H4N = 4-pyridylacetate 
(3). Complex 3 was synthesized similar to the procedure for 2, except that 4-pyridylacetic 
acid hydrochloride (27.8 mg, 0.16 mmol) was used instead of isonicotinic acid. The yellow 
product 3 was isolated in 54% yield (49.9 mg). 
1
H NMR (500 MHz, CDCl3, 25C): δ 8.5 (q, 
pyridyl), 7.7–6.2 (m, phenyl), 6.9 (q, pyridyl), 4.7 (b, CHH in dppm), 4.1 (b, CHH in dppm), 
3.3(q, CH2) ppm. 
31
P NMR (500 MHz, CDCl3, 25C): δ 8.8, –10.8 (t × 2, JPP = 39.7 Hz, dppm) 





, 100). IR (KBr, cm
–1
): ν(OCO(bidentate)), 1523 




))): 285 (5800), 337 (3246), 390 (992). 





-O2CC2H2C5H4N)](OTf), O2CC2H2C5H4N = 
trans-3-(pyridin-4-yl)acrylate (4). Complex 4 was synthesized similar to the procedure for 2, 
except that trans-3-(pyridin-4-yl)acrylic acid (23.8 mg, 0.16mmol) was used instead of 
isonicotinic acid. The yellow product 4 was isolated in 72% yield (67.2 mg). 
1
H NMR (500 
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MHz, CDCl3, 25C): δ 8.7 (q, pyridyl), 7.8–6.2 (m, phenyl), 7.3 (q, pyridyl), 7.1 (d, CH=CH), 
6.3 (d, CH=CH), 4.7 (b, CHH in dppm), 4.1 (b, CHH in dppm) ppm. 
31
P NMR (500 MHz, 
CDCl3, 25C): δ 9.1, –11.3 (t × 2, JPP = 39.7 Hz, dppm) ppm. ESI-MS (CH2Cl2, 15 V, 150C): 
m/z (fragment, relative intensity): 869.3 ([Ru(dppm)2]
+
, 10), 1018.2 
([Ru(dppm)2(OOCC2H2C5H4N)]
+
, 100). IR (KBr, cm
–1
): ν(OCO(bidentate)), 1500 (m), 1415 




))): 286 (13091), 327 (8691). Anal. Calcd for 




-O2CC6H4C5H4N)](OTf), O2CC6H4C5H4N = 
4-(pyridin-4-yl)benzoate (5). Complex 5 was synthesized similar to the procedure for 2, 
except that 4-(pyridin-4-yl)benzoic acid (29.8 mg, 0.15 mmol) was used instead of 
isonicotinic acid. The yellow product 5 was isolated in 63% yield (61.3 mg). 
1
H NMR (500 
MHz, CDCl3, 25C): δ 8.7 (d, pyridyl), 7.8–6.2 (m, phenyl), 7.7 (d, benzoic), 7.7 (d, pyridyl), 
7.6 (d, benzoic), 4.7 (b, CHH in dppm), 4.1 (b, CHH in dppm) ppm. 
31
P NMR (500 MHz, 
CDCl3, 25C): δ 9.5, –11.2 (t × 2, JPP = 38.4 Hz, dppm) ppm. ESI-MS (CH2Cl2, 15 V, 150C): 
m/z (fragment, relative intensity): 869.2 ([Ru(dppm)2]
+
, 30), 1068.1 
([Ru(dppm)2(OOCC6H4C5H4N)]
+
, 100). IR (KBr, cm
–1
): ν(OCO(bidentate)), 1497 (m), 1424 




))): 288 (12250), 480 (250). Anal. Calcd for 




-O2C–m-C5H4N)(OTf), O2C–m-C5H4N = nicotinate (6). 
Complex 6 was synthesized similar to the procedure for 2, except that nicotinic acid (18.4 mg, 
50 
 
0.14 mmol) was used instead of isonicotinic acid. The yellow product 6 was isolated in 68% 
yield (62.1 mg). 
1
H NMR (500 MHz, CDCl3, 25C): δ 8.8 (d, pyridyl), 8.7 (d × d, pyridyl), 
7.8 (d × t, pyridyl), 7.7–6.2 (m, phenyl), 7.3 (d, pyridyl), 4.7 (b, CHH in dppm), 4.1 (b, CHH 
in dppm) ppm. 
31
P NMR (500 MHz, CDCl3, 25C): δ 9.7, –11.0 (t × 2, JPP = 39.1 Hz, dppm) 





, 100). IR (KBr, cm
–1
): ν(OCO(bidentate)), 1511 




))): 285 (6955), 332 (3155), 399 (727). 





-O2C)2–3,5-C5H3N](OTf)2, (O2C)2–3,5-C5H3N = 
pyridine-3,5-dicarboxylate (7). A mixture of 1 (91.3 mg, 0.073 mmol), 
pyridine-3,5-dicarboxylic acid (6.3 mg, 0.037 mmol) and NaOH (excess) in acetone/water (20 
mL, 1:1 v/v) was brought to reflux for 4h. The mixture was then allowed to cool down at 
room temperature. Acetone was removed by rotary evaporation and the resultant yellow slurry 
was filtered to obtain yellow solid 7, which was washed 3 times with water and extracted with 
CH2Cl2. The extract was then dried under vacuum (54.6 mg, 68%). 
1
H NMR (500 MHz, 
CDCl3, 25C): δ 8.8 (d, pyridyl), 7.8 (t, pyridyl), 7.8–6.3 (m, phenyl), 4.9 (b, CHH in dppm), 
4.2 (b, CHH in dppm) ppm. 
31
P NMR (500 MHz, CDCl3, 25C): δ 9.7, –10.6 (t × 2, JPP = 38.5 
Hz, dppm) ppm. ESI-MS (CH2Cl2, 15 V, 150C): m/z (fragment, relative intensity): 869.2 
([Ru(dppm)2]
+
, 10), 952.2 ([Ru2(dppm)4(NC5H3(COO)2)]
2+
, 100), 1036.1 
([Ru(dppm)2(OOCNC5H3COOH)]
+
, 15). IR (KBr, cm
–1
): ν(OCO(bidentate)), 1523 (w), 1446 
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))): 288 (17122), 330 (11282), 394 (2299). Anal. 
Calcd for C109H91NO10F6P8S2Ru2: C, 59.43, H, 4.16, S, 2.91. Found: C, 59.54, H, 4.01, S, 
2.58%. 
 
Synthesis of RuCl2(dppb)(NC5H4C2H2COOH)2, NC5H4C2H2COOH = 
trans-3-(pyridin-4-yl)acrylic acid (8). The green RuCl2(PPh3)(dppb) was synthesized in situ 
by reacting dppb (32.0 mg, 0.075 mmol) and RuCl2(PPh3)3 (71.8 mg, 0.075 mmol) in CH2Cl2 
(10 ml) for 30 min.
97
 After removal of CH2Cl2, trans-3-(pyridin-4-yl)acrylic acid (22.4 mg, 
0.15 mmol) and THF (20 ml) was introduced. The mixture was then stirred at r. t. for 4h to 
yield a red solution, which was concentrated to ca. 3 ml and hexane was added to give red 
precipitate. The precipitate was collected by filtration, washed several times with hexane and 
further purified by recrystallization from THF/hexane in glovebox to give 72% yield (48.0 
mg). 
1
H NMR (500 MHz, acetone-d
6
, 25C): δ 9.0 (s, pyridyl), 7.6–7.0 (m, phenyl), 7.4 (d, 
–CH=CH–), 7.2 (q, pyridyl), 6.6 (d, –CH=CH–), 3.1 (s, CH2 in dppb), 1.7 (s, CHH in dppb) 
ppm. 
31
P NMR (500 MHz, acetone-d
6
, 25C): δ 41.2 (s) ppm. IR (KBr, cm–1): ν(O–H), 2920 
(m); ν(C=O), 1692 (s), 1638 (m). Anal. Calcd for H42C44N2O4P2Cl2Ru: C, 58.93, H, 4.72, N, 
3.12. Found: C, 58.78, H, 5.07, N, 2.92%.  
 
Synthesis of RuCl2(dppb)(NC5H4–m-COOH)2, NC5H4–m-COOH = nicotinic acid (9). 
Complex 9 was synthesized similar to the procedure for 8, except that nicotinic acid (18.5 mg, 
0.15 mmol) was used instead of trans-3-(pyridin-4-yl)acrylic acid. The red brown product 9 
was isolated in 51% yield (32.3 mg). 
1
H NMR (500 MHz, acetone-d
6
, 25C): δ 9.7 (s, pyridyl), 
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9.2 (s, pyridyl), 7.9 (s, pyridyl), 7.6–7.0 (m) (phenyl), 7.0 (s, pyridyl), 3.1 (s, CH2 in dppb), 
1.6 (s, CH2 in dppb) ppm. 
31
P NMR (500 MHz, acetone-d
6
, 25C): δ 42.5 (s) ppm. IR (KBr, 
cm
–1
): ν(O–H), 2921 (m); ν(C=O), 1698 (s), 1601 (m). Anal. Calcd for H38C40N2O4P2Cl2Ru : 
C, 56.88, H, 4.53, N, 3.32. Found: C, 56.98, H, 4.92, N, 3.26%.  
 
X-Ray Crystal Structure Determination and Refinement 
Single-crystals of complexes 2–7 were obtained by slow evaporation of a concentrated 
acetone/water solution or by diffusion of Et2O into CH2Cl2 solutions. The X-ray structure 
determinations were carried out at the X-Ray Diffraction laboratory, Department of Chemistry, 
National University of Singapore. Suitable crystals were mounted on quartz fibers and X-ray 
data collected on a Bruker AXS APEX diffractometer, equipped with a CCD detector, using 
graphite-monochromated Mo Ka radiation (λ = 0.71073 Å). The program SMART98 was used 
for collecting frames of data, indexing reflections and determination of lattice parameters, 
SAINT
98
 for integration of the intensity of reflections and scaling, SADABS
99
 for empirical 
absorption correction, and SHELXTL
100
 for space group and structure determination, 
refinements, graphics, and structure reporting. The structures were refined by full-matrix least 
squares on F
2 
with anisotropic thermal parameters for non-hydrogen atoms. The structures 
were solved by direct methods to locate the heavy atoms, followed by difference maps for the 
light non-hydrogen atoms. Anisotropic thermal parameters were refined for the rest of the 
non-hydrogen atoms. The hydrogen atoms were placed in their ideal positions. Unless 


















 + (bP)). Complex 3 and 7 were crystallized as solvated molecules. The 
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pyridyl ring of 3 was found to be disordered into two positions with occupancy ratio of 68:32. 
The CF3SO3
–
 anion of 6 was also found to be disordered (90:10). The minor part of the 
CF3SO3
–
 was kept at isotropic. Two of the phenyl rings of complex 7 were disordered (50:50) 
and one of the CF3SO3
–
 was also disordered into two parts, however the ratio appeared to be 




Table 2.6 Crystal data and structure refinement of 2–4 








Fw 1140.97 1249.12 1167.01 
Cryst system Monoclinic Monoclinic Monoclinic 
Space group P21/n P21/n P21/n 
Unit cell dimens 
a = 13.9948(7) Å,  
α = 90 
b = 21.0035(11) 
Å,  
β = 92.6130(10) 
c = 17.2680(9) Å,  
γ = 90 
a = 14.0438(6) Å, 
α = 90 
b = 24.9405(10) Å, 
β = 93.1920(10) 
c = 17.7423(7) Å, 
γ = 90 
a = 14.3002(6) Å,  
α = 90 
b = 21.0822(8) Å,  
β = 92.3510(10) 
c = 17.2919(7) Å,  
γ = 90 
Cell vol (Å
3
) 5070.5(5)  6204.8(4) 5208.8(4) 
Z 4 4 4 
D(calcd) (Mg/m
3
) 1.495  1.337 1.488 
Abs coeff (mm
–1
) 0.539  0.449 0.527 
F(000) 2336 2576 2392 
Crystal size (mm
3
) 0.56 x 0.39 x 0.16  0.58 x 0.32 x 0.20 0.30 x 0.24 x 0.10 
 range for data 
collection () 










Reflcns collcd 35773 35910 36608 
Indepdt reflcns 
11633  
[R(int) = 0.0350] 
10920  
[R(int) = 0.0475] 
11958  
[R(int) = 0.0270] 
Max and min transm 0.9187 and 0.7522 0.7456 and 0.6600 0.9492 and 0.8580 
Data/restraints/para
ms 





1.075 1.134 1.056 
Final R indices 
[I>2(I)] 
R1 = 0.0406,  
wR2 = 0.0985 
R1 = 0.0621,  
wR2 = 0.1526 
R1 = 0.0349,  
wR2 = 0.0908 
R indices (all data) 
R1 = 0.0474,  
wR2 = 0.1019 
R1 = 0.0721,  
wR2 = 0.1580 
R1 = 0.0399,  
wR2 = 0.0952 
Largest diff peak 
and hole (e. Å
–3
) 




Table 2.7 Crystal data and structure refinement of 5 and 6 
Complex 5 6 
Empirical formula C63H52F3NO5P4RuS C57H48F3NO5P4RuS 
Fw 1217.07 1140.97 
Cryst system Monoclinic Monoclinic 
Space group P21/n P21/n 
Unit cell dimens 
a = 14.6382(12) Å,  
α = 90 
b = 21.5452(18) Å,  
β = 95.870(2) 
c = 17.7400(14) Å,  
γ = 90 
a = 13.980(3) Å,  
α = 90 
b = 20.750(5) Å,  
β = 92.920(6)° 
c = 17.405(4) Å,  
γ = 90  
Cell vol (Å
3
) 5565.6(8) 5042(2) 
Z 4 4 
D(calcd) (Mg/m
3
) 1.452  1.503 
Abs coeff (mm
–1
) 0.496 0.542 
F(000) 2496 2336 
Crystal size (mm
3
) 0.58 x 0.12 x 0.10 0.56 x 0.30 x 0.20 






Reflcns collcd 39028 35070 
Indepdt reflcns 12733 [R(int) = 0.0404] 11556 [R(int) = 0.0384] 
Max and min transm 0.9520 and 0.7617 0.8993 and 0.7511 
Data/restraints/params 12733 / 0 / 703 11556 / 91 / 678 
Goodness-of-fit on F
2
 1.117 1.045 
Final R indices [I>2(I)] 
R1 = 0.0449,  
wR2 = 0.1179 
R1 = 0.0394, wR2 = 0.0964 
R indices (all data) 
R1 = 0.0558,  
wR2 = 0.1277 
R1 = 0.0472, wR2 = 0.1002 
Largest diff peak and hole 0.902 and –0.509 (e. Å
–3






Table 2.8 Crystal data and structure refinement of 7 and 9 






Fw 2231.89 884.20 
Cryst system Triclinic Monoclinic 
Space group Pī P21/c 
Unit cell dimens 
a = 10.9440(12) Å,  
α = 90.256(2) 
b = 12.2386(13) Å,  
β = 94.553(3) 
c = 40.791(5) Å,  
γ = 110.513(3) 
a = 23.5845(10) Å,  
α = 90° 
b = 14.7112(6) Å,  
β = 104.1780(10)° 
c = 15.1907(7) Å,  
γ = 90° 
Cell vol (Å
3
) 5097.9(10)  5110.0(4) 
Z 2 4 
D(calcd) (Mg/m
3
) 1.454  1.149 
Abs coeff (mm
–1
) 0.534  0.510 
F(000) 2284 1818 
Crystal size (mm
3
) 0.40 x 0.15 x 0.14  0.46 x 0.30 x 0.21 
 range for data 
collection () 






Reflcns collcd 55431 35610 
Indepdt reflcns 17933 [R(int) = 0.0544] 11710 [R(int) = 0.0460] 
Max and min 
transm 
0.9289 and 0.8146 0.9005 and 0.7994 
Data/restraints/para
ms 






Final R indices 
[I>2(I)] 
R1 = 0.0528, wR2 = 0.1197 R1 = 0.0623, wR2 = 0.1722 
R indices (all data) R1 = 0.0684, wR2 = 0.1267 R1 = 0.0768, wR2 = 0.1828 
Largest diff peak 
and hole 





Cyclic Voltammetry  
The cyclic voltammetric experiments were done at Institute of Materials Research and 
Engineering (IMRE), Agency for Science, Technology and Research using standard 
electrochemical techniques (A*STAR). The experiment was carried out at room temperature 
using an Autolab electrochemical instrument driven by GPES program version 4.9. A 
three-electrode configuration with Pt wire working and auxiliary electrodes, and an Ag/AgCl 
reference electrode was used. 
 
The concentration of the analytes was typically 2 × 10
–3
 M in CH2Cl2 containing 0.1 M 
n
Bu4NBF4 as supporting electrolyte. CH2Cl2 was pre-dried using MBRAUN SPS-800 
SYSTEM. All scans were performed under a nitrogen atmosphere at the rate of 50 mV/s. The 
potentials were calibrated against the ferrocene/ferrocenium couple (0.58 V vs Ag/AgCl). The 
E1/2 values were calculated as the average of the oxidative and reductive peak potentials, (Ep,a 




Chapter 3. Heterometallic molecular aggregates from ruthenium 
pyridyl-carboxylate metalloligands 
 
3.1 Results and Discussion 
3.1.1 Synthesis 
The metalloligand potentials of mononuclear Ru(II) pyridyl-carboxylate complexes 2–6 are 
illustrated in their reactions with Lewis acidic MCl2(CH3CN)2 (M = Pd, Pt) or AgOTf. These 
reactions are stoichiometrically controlled by using 2-fold of Ru(II) pyridyl-carboxylate 
metalloligands. As shown in Scheme 3.1, the reaction of 2–6 with PdCl2(CH3CN)2 at r.t. in 
CH2Cl2 for 18 h gave a series of heterotrimetallic complexes 
{[Ru(dppm)2(η
2
-O2C–R–C5H4N)]2[PdCl2]}(OTf)2 (R = - (10), CH2 (11), C2H2 (12), C6H4 (13)) 
and {[Ru(dppm)2(η
2
-O2C–m-C5H4N)]2[PdCl2]}(OTf)2 (14) in reasonable yields. When 
PtCl2(MeCN)2 were brought to reaction with 2 under the same conditions, a reaction mixture 
containing a small quantity of the coordination trinuclear complexes was obtained, as 
evidenced from 
1
H NMR analysis. Therefore, a more vigorous reaction condition was applied 
by refluxing PtCl2(MeCN)2 and 2 in CHCl3 for 24 h and the pure trinuclear compound 
{[Ru(dppm)2(η
2
-O2C–m-C5H4N)]2[PtCl2]}(OTf)2 (15) was obtained by repeated 
recrystalliztion from CH2Cl2/Et2O in 39% yield. The reaction of 2 and AgOTf was also 
carried out at r.t. in CH2Cl2 for about 24 h. The product of the formula 
{[Ru(dppm)2(η
2
-O2CC5H4N)]2Ag}(OTf)3 (16) as deduced by elemental analysis, 
1
H NMR and 
19





































































































3.1.2 Characterization and General Properties 
All complexes 10–16 are air stable in both solid state and solution, except that 16 must be 
shielded from light. All of them can easily dissolve in CH2Cl2, CHCl3 and acetone. Although 
X-ray quality crystals could not be obtained, all complexes were characterized by NMR, IR, 
ESI-MS, UV-vis and elemental analyses. The spectroscopic properties of all complexes are 
consistent with their proposed formulae. 
 
The pyridyl-α protons in the 1H NMR spectra of 10–16 are significantly downfield shifted 
compared to their perspective mononuclear precursors (0.2 (10), 0.2 (11), 0.2 (12), 0.3 (13), 
0.2 (14), 0.3 (15) and 0.4 (16)), which may derive from the loss of electron density of pyridyl 
rings upon complexation with the acidic Pd(II)/Pt(II)/Ag(I) center. Other protons in the 
pyridyl-carboxylate group and phenyl and methylene groups of dppm have similar chemical 
shift as those of their respective precursors. Likewise, the 
31
P NMR spectra of 10–13, 15 and 
16 also show a pair of triplets at similar chemical shift, implying that these trinuclear 
complexes are relatively symmetric. The coordination of pyridyl ligands on Pd(II)/Pt(II)/Ag(I) 
center has only slight influence on the chemical shifts of 
31
P NMR resonance from Ru(II) 
monomers to Ru–M'–Ru trinuclear complexes (M' = Pd(II), Pt(II) or Ag(I)). This is 
reasonable since the diphosphine ligands are non-coplanar with the Ru–η2-O2C–R–Py–M' (Py 
= Pyridyl) backbone, hence the lengthening of the conjugation along Ru–η2-O2C–R–Py–M' 
axis has little effect on the spectra of the diphosphine ligands. In contrast, the 
31
P NMR 
spectrum of 14 shows three triplets at 10.00, 10.04 and –11.20 ppm. Upon the formation of 







 moiety are no longer symmetric to each other, thus resulting 
in the slightly different chemical shifts of these two P atoms. However, the mutually trans P 
atoms still have the same chemical shift, which can be explained if these P atoms are 
perpendicular to the [Pd(II)Cl2(Pyridyl)2] plane and they are still in equivalent positions. 
Compound 16 was further studied by 
19
F NMR as it contains triflate anions. Since only one 
single 
19
F NMR peak for triflate anions was observed at a shift identical to that of free triflate 
anions, it is inferred that all of triflate anions are uncoordinated in solution. Similar to their 
respective precursors, the IR spectra of complexes 10–16 also display the asymmetric (νasym) 
and symmetric (νsym) carboxylate stretching frequencies in the range of 1501–1527 cm
–1 
and 
1388–1435 cm–1, respectively. With Δν (νasym – νsym) ranging from 83 to 132 cm
–1
, the 




The heterotrimetallic formation is evident in the ESI spectra of 10–15, each of which shows 
a parent (1/2[M]) peak at m/z = 1179.9 (20%) (10), 1094.0 (90%) (11), 1106.9 (100%) (12), 
1156.5 (70%) (13), 1080.3 (25%) (14) or 1125.0 (100%) (15) with a +2 charge state (i.e., 
separation of peaks by 0.5 m/z). The fragment was further evidenced by comparing their 
zoom scanned isotopic pattern with the theoretical one (Fig. 3.1–3.6). The relative rich 
abundance of the parent ion peaks indicates their good stability under the spectroscopic 
conditions. Fragments of [{Ru(dppm)2(OOCC2H2C5H4N)}PdCl2(MeCN)]
2+
 (m/z 1127.3, 10%) 
in 12, [Ru(dppm)2(OOCC6H4C5H4N)PdCl2]
+
 (m/z 1245.8, 10%) in 13 and 
[Ru(dppm)2(OOCC5H4N)PtCl2(MeCN)]
+
 (m/z 1298.7, 8%) & 
[Ru(dppm)2(OOCC5H4N)PtCl2(NC5H4COO)]
+
 (m/z 1379.8, 10%) in 15 were also detected. 
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The fragmentation patterns are in general agreement with the chemical formulation. All 




 at high intensity, 
suggesting their high stability even under applied voltage conditions. 
 
     
Fig. 3.1 The observed (left) and calculated (right) isotopic pattern of 
{[Ru(dppm)2(OOCC5H4N)]2PdCl2}
2+
 species at m/z 1179.9 in 10 
 
     
Fig. 3.2 The observed (left) and calculated (right) isotopic pattern of 
{[Ru(dppm)2(OOCCH2C5H4N)]2PdCl2}
2+





    
Fig. 3.3 The observed (left) and calculated (right) isotopic pattern of 
{[Ru(dppm)2(OOCC2H2C5H4N)]2PdCl2}
2+
 species at m/z 1106.9 in 12 
 
     
Fig. 3.4 The observed (left) and calculated (right) isotopic pattern of 
{[Ru(dppm)2(OOCC6H4C5H4N)]2PdCl2}
2+
 species at m/z 1156.5 in 13 
 
      
Fig. 3.5 The observed (left) and calculated (right) isotopic pattern of 
{[Ru(dppm)2(OOC–m-C5H4N)]2PdCl2}
2+





      
Fig. 3.6 The observed (left) and calculated (right) isotopic pattern of 
{[Ru(dppm)2(OOCC5H4N)]2PtCl2}
2+
 species at m/z 1125.0 in 15 
 
The UV-vis spectra of the heterometallic complexes 10–16 together with their respective 
mononuclear precursors 2–6 as comparison were depicted in Fig. 3.7. The high-energy 
absorptions at wavelength 285–299 nm, which are also found in their respective mononuclear 
precursors, are assigned as ligand-based   * transition. Compared to those in their 
corresponding mononuclear precursors, the spectra in this region of the heterotrimetallic 
complexes are stronger in absorptions but with no obvious change in energy. This is reasonable 
since the diphosphine ligands in these complexes are more abundant which results in the stronger 
absorptions. These phenomenons also support the assignment of diphosphine centered intra- or 
inter- ligand transition. 
 






















) (15), is assigned to dπ(Ru) → π*(COO) M→L charge transfer (MLCT) transition. 
Compared to those in their parent complex 2 and 4–6, the MLCT transitions of the 
heterotrimetallic complexes 10 and 12–15 exhibit slight red shifts of 5–12 nm, which may be due 
to the electron-withdrawing properties of the incoming Pd/Pt chloride fragments in the trinuclear 
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) (14) has been 
assigned to d → d transitions (t2 → e).
87,88
 The peaks of d → d transitions in other trinuclear 
complexes may be overlapped by the relatively strong MLCT absorption peaks. 
















































































Fig. 3.7 UV/Vis absorption spectra of the heterometallic complexes together with their 
perspective mononuclear precursors as comparison: a) 10 (1.0 × 10
–4 
M), 15 (2.8 × 10
–5
 M) vs 2 
(1.1 × 10
–4
 M); b) 12 (1.1 × 10
–4
 M) vs 4 (1.1 × 10
–4
 M); c) 13 (1.1 × 10
–4
 M) vs 5 (1.2 × 10
–4
 
M); d) 14 (1.0 × 10
–4
 M) vs 6 (1.1 × 10
–4
 M) in CH2Cl2 at 298K 
 
3.2.3 Electrochemical Properties 






Cyclic Voltammetry (CV) in order to gain insight into the effect on electrochemical properties 
through coordination of those metalloligands 2–6 to Pd(II). The measurements were carried 
out under the same condition as in Chapter 2. The electrochemical data for complexes 10–14 
are summarized in Table 3.1. All oxidation waves in 10–14 exhibit a quasireversible or 
irreversible oxidation process (ΔE = 50–85 mV, under standard conditions of 50 mVs–1 scan 
rate at room temperature). 
 
The Cyclic Voltammograms (Fig. 3.8–3.11) of 10–13 show a one-electron oxidation 
process with E1/2 = 1.011 V (10), 1.006 (11), 1.0071 (12) or 1.067 (13) corresponding to the 




. Compared to those in their corresponding 
Ru mononuclear precursors 3–5 (Table 2.4), the oxidation potentials of RuII/III in 11–13 
undergo an anodic shift by 27–56 mV, indicating weak electronic communication between 
Ru(II) and Pd(II) centers.
101,102
 The coordination of pyridyl at the Lewis acidic Pd center 
lowers the electron density in Ru through inductive effect, thereby stabilizing Ru
II
 and making 
it less susceptible to oxidation. This is also supported by the downfield shift of pyridyl α-H 
(8.7 (11) vs 8.5 ppm (3); 8.9 (12) vs 8.7 ppm (4); 9.0 (13) vs 8.7 ppm (5)) in 
1
H NMR. For 
complex 14, two Ru-centered oxidation waves were observed (Fig. 3.12) which may derive 
from the asymmetrical environment of two Ru centers in 14 as evidenced in 
31
P NMR. Similar 
to 4–5 and 7, there is also a small reductive peak at around 0.6 V in the CVs of 10–14, which 
may also be due to that the Ru(III) complex formed by oxidation is not very stable and it 
chemically converts to another electrochemically active compound, which is then 
electrochemically reduced at around 0.6 V. For all the Ru–Pd–Ru heterometallic complexes 
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10–14, no Pd(II)-based oxidation process could be detected within the anodic potential limits 
of the electrolyte. This situation also applies to the heteroditopic terpyridine-pincer bridged 
heterodi- and trimetallic complexes [Ru(TPPdCl)(tpy)](PF6)2 and [Ru(TPPdCl)2](PF6)2 (TP = 
4'-{C6H2(CH2NMe2)2-3,5}-2,2':6',2''-terpyridine, tpy = terpyridine)
103
 and the 




Coordination of the metalloligands 3 and 4 has a pronounced effect on the reversibility of 
the redox process. Indeed, as shown in Table 2.4, the Ru
II
 oxidation of complex 3 and 4 is 
chemically irreversible with ic/ia = 11–12, but quasi-reversible in 11 and 12 with ic/ia  2 
(Table 3.1). The higher degree of conjugation across the spacer-linked heterotrimetallic 
network could make it less vulnerable to the redox process. Similar phenomenon was also 
found for the ζ-4-ethynylpyridine bridged heterotrimetallic [RuCp(C≡Cpy-4)(dppf)]2[MCl2] 


















10 1.053 [0.968] 0.085 1.011 6.7 
11 1.041 [0.970] 0.071 1.006 2.0 
12 1.049 [0.965] 0.084 1.007 2.1 











All potentials vs Ag/AgCl with a rate of 50 mV s
–1
, ferrocene/ferrocenium couple located at 
0.58 V. 
b
Anodic [Ea] and cathodic [Ec] potentials where observed. 
c
Ea – Ec where observed. 
d
E1/2 = (Ea + Ec) / 2. 
e
Anodic to cathodic peak current ratios where observed. 
f
n/o = not 
observed. 
 




















Potential vs Ag/AgCl (V)
 
Fig. 3.8 Cyclic voltammogram of {[Ru(dppm)2(η
2
-O2CC5H4N)]2[PdCl2]}(OTf)2 (10) in 
CH2Cl2 (0.1 M 
n





























Potential vs Ag/AgCl (V)
 
Fig. 3.9 Cyclic voltammogram of {[Ru(dppm)2(η
2
-O2CCH2C5H4N)]2[PdCl2]}(OTf)2 (11) in 
CH2Cl2 (0.1 M 
n



























Potential vs Ag/AgCl (V)
 
Fig. 3.10 Cyclic voltammogram of {[Ru(dppm)2(η
2
-O2CC2H2C5H4N)]2[PdCl2]}(OTf)2 (12) in 
CH2Cl2 (0.1 M 
n





























Potential vs Ag/AgCl (V)
 
Fig. 3.12 Cyclic voltammogram of {[Ru(dppm)2(η
2
-O2CC6H4C5H4N)]2[PdCl2]}(OTf)2 (13) in 
CH2Cl2 (0.1 M 
n

























Potential vs Ag/AgCl (V)
 
Fig. 3.12 Cyclic voltammogram of {[Ru(dppm)2(η
2
-O2C–m-C5H4N)]2[PdCl2]}(OTf)2 (14) in 
CH2Cl2 (0.1 M 
n











-O2C–R–C5H4N)](OTf) (R = - (2), CH2 (3), C2H2 (4), C6H4 (5)) and 
[Ru(dppm)2(η
2
-O2C–m-C5H4N)](OTf) (6) have been demonstrated by their reactions with 
Lewis acidic MCl2(CH3CN)2 (M = Pd, Pt) or AgOTf to afford a series of heterotrimetallic 
complexes {[Ru(dppm)2(η
2
-O2C–R–C5H4N)]2[MCl2]}(OTf)2 (M = Pd, R = - (10), CH2 (11), 





-O2CC5H4N)]2Ag}(OTf)3 (16). These complexes have been 
characterized by elemental analysis, IR, UV-vis, NMR and ESI-MS. The complexation of 
Pd(II)/Pt(II)/Ag(I) fragments to the Lewis basic pyridyl groups is evident by the apparent 
chemical downfield shift of the pyridyl-α protons in the 1H NMR spectra. The soft ESI-MS 
technique which has detected parent (1/2[M]) peaks of 10–15 at relatively rich abundance 
also helps to illustrate the formation of these heterotrimetallic complexes. 
 
The electrochemical properties of Ru–Pd–Ru heterometallic complexes 10–14 were also 
examined by Cyclic Voltammetry. Compared to their corresponding Ru mononuclear 
precursors 3–5, the oxidation potentials of RuII/III in 11–13 undergo an anodic shift by 27–56 
mV. This is within expectation as the coordination of pyridyl at the Lewis acidic Pd center 
should lower the electron density in Ru through inductive effect, thereby stabilizing Ru
II
 and 
making it less susceptible to oxidation. In addition, coordination of the metalloligands 3 and 4 
has greatly improved the reversibility of the redox process, which may be due to that the 
higher degree of conjugation across the spacer-linked hetero-trinuclear network could make 









 were prepared according to the 







spectra were recorded at ambient temperature on Bruker AVANCE 500 MHz spectrometers 
(
1
H at 500.13 MHz, 
31
P at 202.45 MHz, 
19
F NMR at 282.38 MHz). Chemical shifts in the 
1
H 
NMR spectra were measured relative to partially deuterated solvent peaks which are reported 
relative to TMS. 
31
P chemical shifts were measured relative to 85% H3PO4 and 
19
F chemical 
shifts were measured relative to CFCl3. Fourier transform infra-red spectra were recorded on a 
Bruker IFS 48 FTIR spectrometer as KBr disks (4000–400 cm–1). Elemental analyses were 
performed on a Perkin–Elmer PE 2400 CHNS Elemental Analyzer at the Elemental Analysis 
Laboratory. Electrospray mass spectra were obtained in positive-ion mode with a 
Finnigan/MAT LCQ mass spectrometer coupled with TSP4000 HPLC system and the crystal 
310 CE system. The mobile phase was MeOH/H2O (4:1) pumped at a flow-rate of 0.3 ml 
min
–1
. The capillary temperature was 150 
◦
C. Peaks were assigned in m/z values and from the 




-O2CC5H4N)]2[PdCl2]}(OTf)2, O2CC5H4N = isonicotinate 
(10). A mixture of [Ru(dppm)2(η
2
-O2CC5H4N)](OTf) (2) (98.3 mg, 0.086 mmol) and 
PdCl2(CH3CN)2 (11.1 mg, 0.043 mmol) in CH2Cl2 (20 mL) was stirred for 18 h at r.t. The 
solvent was removed under vacuum and the resulting residue purified by recrystallization 
from CH2Cl2/Ether. Yield: 82%. 
1
H NMR (500 MHz, CDCl3, 25C): δ 8.9 (d, pyridyl), 
7.7–6.2 (m, phenyl), 7.3 (d, pyridyl), 4.8 (b, CHH in dppm), 4.2 (b, CHH in dppm) ppm. 31P 
74 
 
NMR (500 MHz, CDCl3, 25C): δ 9.9, –10.9 (t × 2, JPP = 39.7 Hz, dppm) ppm. ESI-MS 
(CH2Cl2, 15 V, 150C): m/z (fragment, relative intensity): 869.0 ([Ru(dppm)2]
+
, 100), 991.9 
([Ru(dppm)2(OOCC5H4N)]
+
, 70), 1079.9 ({[Ru(dppm)2(OOCC5H4N)]2PdCl2}
2+
, 20). IR (KBr, 
cm
–1





(19902), 333 (16059). Anal. Calcd for H96C114N2O10F6P8S2Cl2Ru2Pd
.
CH2Cl2: C, 54.29, H, 




-O2CCH2C5H4N)]2[PdCl2]}(OTf)2, O2CCH2C5H4N = 
4-pyridylacetate (11). Complex 11 was synthesized similar to the procedure for 10, except 
that [Ru(dppm)2(η
2
-O2CCH2C5H4N)](OTf) (3) (99.3 mg, 0.086mmol) was used instead of 2. 
The yellow product 11 was isolated in 79% yield (84.5 mg). 
1
H NMR (500 MHz, CDCl3, 
25C): δ 8.7 (d, pyridyl), 7.7–6.2 (m, phenyl), 6.9 (d, pyridyl), 4.7 (b) (CHH in dppm), 4.1 (b) 
(CHH in dppm), 3.3 (q, CH2) ppm. 
31
P NMR (500 MHz, CDCl3, 25C): δ 8.9, –10.6 (t × 2, JPP 
= 39.7 Hz, dppm) ppm. ESI-MS (CH2Cl2, 15 V, 150C): m/z (fragment, relative intensity): 
869.0 ([Ru(dppm)2]
+
, 100), 905.1 ([Ru(dppm)2(H2O)2]
+
, 20), 1005.9 
([Ru(dppm)2(OOCCH2C5H4N)]
+





), ν(OCO(bidentate)): 1526 (m), 1435 (s). Anal. Calcd for 
H100C116N2O10F6P8S2Cl2Ru2Pd
.





-O2CC2H2C5H4N)]2[PdCl2]}(OTf)2, O2CC2H2C5H4N = 
trans-3-(pyridine-4-yl)acrylate (12). Complex 12 was synthesized similar to the procedure 
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for 10, except that [Ru(dppm)2(η
2
-O2CC2H2C5H4N)](OTf) (4) (100.4 mg, 0.086 mmol) was 
used instead of 2. The yellow product 12 was isolated in 91% yield (98.3 mg). 
1
H NMR (500 
MHz, CDCl3, 25C): δ 8.9 (d, pyridyl), 7.8–6.2 (m, phenyl), 7.3 (d, pyridyl), 7.0 (d, CH=CH), 
6.3 (d, CH=CH), 4.7 (b, CHH in dppm), 4.1 (b, CHH in dppm) ppm. 
31
P NMR (500 MHz, 
CDCl3, 25C): δ 9.0, –11.2 (t × 2, JPP = 38.5 Hz, dppm) ppm. ESI-MS (CH2Cl2, 15 V, 150C): 
m/z (fragment, relative intensity): 869.2 ([Ru(dppm)2]
+
, 10), 1017.9 
([Ru(dppm)2(OOCC2H2C5H4N)]
+





, 10). IR (KBr, cm
–1
), 





(35295), 339 (22552). Anal. Calcd for C118H100N2O10F6P8S2Cl2Ru2Pd: C, 56.43, H, 4.01, N, 




-O2CC6H4C5H4N)]2[PdCl2]}(OTf)2, O2CC6H4C5H4N = 
4-(pyridin-4-yl)benzoate (13). Complex 13 was synthesized similar to the procedure for 10, 
except that [Ru(dppm)2(η
2
-O2CC6H4C5H4N)](OTf) (5) (104.7 mg, 0.086 mg) was used instead 
of 2. The yellow product 13 was isolated in 70% yield (112.3 mg). 
1
H NMR (500 MHz, 
CDCl3, 25C): δ 9.0 (q, pyridyl), 7.8–6.2 (m, phenyl), 7.7 (q, benzoic), 7.7 (q, pyridyl), 7.6 (m, 
benzoic), 4.7 (b, CHH in dppm), 4.1 (b, CHH in dppm) ppm. 
31
P NMR (500 MHz, CDCl3, 
25C): δ 9.5, –11.1 (t × 2, JPP = 39.7 Hz, dppm) ppm. ESI-MS (CH2Cl2, 15 V, 150C): m/z 
(fragment, relative intensity): 869.2 ([Ru(dppm)2]
+
, 35), 1068.1 
([Ru(dppm)2(OOCC6H4C5H4N)]
+














))): 290 (21843), 360 (3114). Anal. 
Calcd for C126H104N2O10F6P8S2Cl2Ru2Pd
.
Et2O: C, 58.14, H, 4.28, N, 1.04, S, 2.39. Found: C, 




-O2C–m-C5H4N)]2[PdCl2]}(OTf)2, O2C–m-C5H4N = 
nicotinate (14). Complex 14 was synthesized similar to the procedure for 10, except that 
[Ru(dppm)2(η
2
-O2C–m-C5H4N)](OTf) (6) (98.3 mg, 0.086 mmol) was used instead of 2. The 
yellow product 14 was isolated in 52% yield (55.0 mg). 
1
H NMR (500 MHz, CDCl3, 25C): δ 
9.0 (q, pyridyl), 9.0 (dd, pyridyl), 7.9 (dt, pyridyl), 7.8–6.2 (m, phenyl), 7.4 (q, pyridyl), 4.8 (b, 
CHH in dppm), 4.1 (b, CHH in dppm) ppm. 
31
P NMR (500 MHz, CDCl3, 25C): δ 10.04 (t, 
JPP = 39.7 Hz), 10.00 (t, JPP = 38.5 Hz), –11.20 (t, JPP = 39.7 Hz, dppm) ppm. ESI-MS 
(CH2Cl2, 15 V, 110C): m/z (fragment, relative intensity): 869.0 ([Ru(dppm)2]
+
, 5), 991.9 
([Ru(dppm)2(OOC–m-C5H4N)]
+










))): 289 (16784), 327 (12198), 401 (2233). Anal. Calcd for 
H96C114N2O10F6P8S2Cl2Ru2Pd
.
CH2Cl2: C, 54.29, H, 3.88, N, 1.10, S, 2.52. Found: C, 54.15, H, 




-O2CC5H4N)]2[PtCl2]}(OTf)2, O2CC5H4N = isonicotinate (15). 
[Ru(dppm)2(η
2
-O2CC5H4N)](OTf) (2) (58.2 mg, 0.051 mmol) and PtCl2(CH3CN)2 (9.7 mg, 
0.028 mmol) in CHCl3 (20 mL) was refluxed for 24h. The solvent was removed under 
vacuum and the resulting residue purified by repeated recrystallization from DCM/Ether. 
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Yield: 24.9 mg (39%). 
1
H NMR (500 MHz, CDCl3, 25C): δ 9.0 (q, pyridyl), 7.8–6.3 (m, 
phenyl), 7.3 (q, pyridyl), 4.8 (b, CHH in dppm), 4.2 (b, CHH in dppm) ppm. 
31
P NMR (500 
MHz, CDCl3, 25C): δ 9.9, –10.9 (t × 2, JPP = 38.5 Hz, dppm) ppm. ESI-MS (CH2Cl2, 15 V, 
150C): m/z (fragment, relative intensity): 868.9 ([Ru(dppm)2]
+
, 55), 905.0 
([Ru(dppm)2(H2O)2]
+
, 20), 992.0 ([Ru(dppm)2(COOC5H4N)]
+
, 20), 1125.0 
({[Ru(dppm)2(COOC5H4N)]2PtCl2}
2+





, 10). IR (KBr, cm
–1
), 





(24629), 332 (20742). Anal. Calcd for H96C114N2O10F6P8S2Cl2Ru2Pt: C, 53.74, H, 3.80, N, 




-O2CC5H4N)]2Ag}(OTf)3, O2CC5H4N = isonicotinate (16). A 
mixture of [Ru(dppm)2(η
2
-O2CC5H4N)](OTf) (2) (99.3 mg, 0.087 mmol) and AgOTf (11.2 mg, 
0.044 mmol) in CH2Cl2 (20 mL) was stirred for 24 h at r.t. The solvent was removed under 
vacuum and the resulting residue purified by recrystallization from CH2Cl2/Ether. Yield: 67.0 
mg (60%). 
1
H NMR (500 MHz, CDCl3, 25C): δ 9.1 (d, pyridyl), 7.7–6.2 (m, phenyl), 7.5 (d, 
pyridyl), 4.7 (b, CHH in dppm), 4.1 (b, CHH in dppm) ppm. 
31
P NMR (500 MHz, CDCl3, 
25C): δ 9.8, –10.9 (t × 2, JPP = 39.7 Hz, dppm) ppm. 
19
F NMR (500 MHz, CDCl3, 25C): 
–1.9 ppm. IR (KBr, cm–1), ν(OCO(bidentate)): 1515 (m), 1401 (m). Anal. Calcd for 






The cyclic voltammetric experiments were done at Institute of Materials Research and 
Engineering (IMRE), Agency for Science, Technology and Research using standard 
electrochemical techniques (A*STAR). The experiment was carried out at room temperature 
using an Autolab electrochemical instrument driven by GPES program version 4.9. A 
three-electrode configuration with Pt wire working and auxiliary electrodes, and an Ag/AgCl 
reference electrode was used. 
The concentration of the analytes was typically 2 × 10
–3
 M in CH2Cl2 containing 0.1 M 
n
Bu4NBF4 as supporting electrolyte. CH2Cl2 was pre-dried using MBRAUN SPS-800 
SYSTEM. All scans were performed under a nitrogen atmosphere at the rate of 50 mV/s. The 
potentials were calibrated against the ferrocene/ferrocenium couple (0.58 V vs Ag/AgCl). The 
E1/2 values were calculated as the average of the oxidative and reductive peak potentials, (Ep,a 
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